ABSTRACT A trophic protein (sciatin) purified from sciatic nerves has been shown to enhance the morphological develop ment and to promote the maintenance of sletal muscle cells in vitro Proc. NatL Acad.
against purified sciatin in rabbits. By using this antiserum, we have examined whether sciatin is also required for the initial differentiation of avian myogenic cells in vitro. Sciatin was found to be a component of chicken embryo extract, a constituent of culture medium required for myogenesis in vitro, by an immunodiffusion assay and by NaDodSO4 gel electrophoresis of immunoprecipitates. The removal of sciatin from chicken embryo extracts by immunoprecipitation with antiserum against sciatin completely inhibited myogenesis. When myogenic cells were grown in culture medium from which sciatin had been removed, the cells failed to differentiate beyond the myoblast stage. However, when sciatin (25 pg/ml) was added to the sciatin-absorbed culture medium, normal myogenesis ensued. Furthermore, myogenic cells underwent normal myogenesis in the absence of embryo extract if sciatin (25 ,g/ml) was added to the culture medium. These results demonstrate that sciatin is the component of chicken embryo extract required for myogenesis and that the protein influences the initial differentiation of myogenic cells in vitro. Innervation exerts a "trophic" influence on the morphologic, physiologic, and metabolic properties of skeletal muscle (for reviews, see refs. 1 and 2). To explain the mechanism by which the motor nerve conveys trophic influence to muscle, it has been postulated that such trophic influence is mediated in part by a trophic substance(s) released by the nerve (1) (2) (3) .
The best evidence for the trophic influence of a neurally derived substance has been obtained from in vitro experiments (4) (5) (6) (7) (8) (9) (10) (11) . By using embryonic muscle culture, Oh (12, 13) demonstrated that extracts of central and peripheral nervous tissue enhanced the morphological development of aneural muscle cells, increased protein synthesis and acetylcholinesterase activity, and maintained matured, cross-striated muscle fibers for several months in the absence of innervation. In the absence of the extracts or innervation, cultured muscle fibers atrophied and degenerated rapidly. The active agent in peripheral nervous tissue was characterized as a protein of rather high molecular weight (13) and was partially purified (14) (15) (16) .
We have purified a biologically active protein from adult chicken sciatic nerves that duplicates many of the trophic effects of innervation on cultured muscle (17) . In preliminary publications*t we have referred to this trophic protein as "neurotrophic factor" or NTF. We have now formally adopted the name sciatin in order to avoid confusion with the neuronotrophic factors described by workers in other laboratories.
The term sciatin is intended to designate the trophic protein that was isolated and purified from the sciatic nerve. Sciatin is acidic, migrates with a molecular weight of 84,000 on NaDodSO4 gel electrophoresis, and has a native molecular weight of 86,400 as estimated by sedimentation equilibrium centrifugation.* We immunized rabbits and elicited a specific antiserum against purified sciatin. By using antiserum against sciatin, we investigated the role of sciatin in myogenesis in vitro. In the present report, we show that sciatin is present in chicken embryo extract (EE) and that sciatin is the component of EE required for myogenesis because the removal of sciatin from EE by immunoprecipitation with antiserum against sciatin completely inhibits myogenesis.
MATERIALS AND METHODS Purification of Sciatin. Sciatin was purified from adult chicken sciatic nerves by ion-exchange chromatography on DEAE-cellulose followed by gel filtration on Sephadex G-100 superfine (17) . The purity of sciatin was greater than 97%, as estimated by densitometric analysis of NaDodSO4 gels. * Preparation of Antiserum Against Purified Sciatin. Purified sciatin was lyophilized, dissolved in a small volume of phosphate-buffered saline, and emulsified with an equal volume of complete Freund's adjuvant (Difco). The emulsion, containing 1 mg of purified sciatin, was injected intradermally in a total of eight sites on the axillary-inguinal lymphatic line of a male rabbit. Similar injections were repeated at 2-week intervals, except that the emulsion used incomplete Freund's adjuvant. An initial anti-sciatin serum was obtained 2 weeks after immunization and antiserum was then collected biweekly for 4 months. Preimmune rabbit serum served as a control. Both preimmune and anti-sciatin rabbit sera were heat-inactivated at 560C for 30 min before use.
Addition of anti-sciatin serum (diluted 1:99 with standard culture medium) to myoblast cultures prevented fusion of myoblasts. When the antiserum was removed f~om these cultures, however, the myoblasts then began fusing to form multinucleated myotubes within 24 hr. Addition of anti-sciatin serum (diluted 1:99) to cross-striated myotube cultures resulted in atrophy and degeneration of the myotubes. Within 48 hr, cross-striations disappeared and the myotubes became thinner and attenuated. On the other hand, preimmune serum had no such deleterious effects upon the fusion of myoblasts or upon the viability of myotubes (unpublished data).
Preparation of EE. The extract was prepared from 10-day-old chicken embryos (Spafas, Lancaster, PA) as described by Paul (18) . Briefly, whole embryos were rinsed three times with Hanks' balanced salt solution and pressed through a 50-ml syringe opening, and an equal volume of Hanks' solution was
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 added to this extract. The mixture was kept at room temperature for 30 min and centrifuged at 2000 X g for 20 min. The supernatant was collected and stored at -200C. Before use, the extract was thawed and debris was removed by centrifugation at 25,000 X g for 20 min. Removal of Sciatin from EE by Immunoprecipitation. Sciatin was removed from EE by immunoprecipitation with anti-sciatin serum as described (19) . An aliquot of EE and an equal volume of anti-sciatin serum (heat-inactivated) were mixed well and the mixture was kept at room temperature for 2 hr and then at 40C for 48 hr. The mixture was centrifuged at 1500 X g for 20 min to remove the precipitated antibodyantigen complexes. The supernatant was collected and used in experimental media as described below. Anti-sciatin antibodies remaining in the supernatant were assessed by double-immunodiffusion assay, and no immunological reactivity was found in the supernatant when tested against purified sciatin. The protein constituents of the precipitated antibody-antigen complexes were analyzed by NaDodSO4/gel electrophoresis (see Results). EE was also absorbed with heat-inactivated control, preimmune rabbit serum as described above.
Muscle Culture. Trypsin-dissociated skeletal muscle cells were prepared from breast muscles of 12-day-old chicken embryos (Spafas) as described (13, 14) . Selective enrichment of myogenic cells was obtained by the method of Richler and Yaffe (20) . The myogenic cells (5 X 105 cells) were plated on a Linbro plastic dish (35 X 15 mm) that had been coated with collagen (Calbiochem; acid-soluble). The cultures were grown at 370C in a humidified atmosphere of 95% air/5% C02.
Culture Media. The standard culture medium consisted of 87.5% (vol/vol) Dulbecco's modified Eagle's medium, 10% (vol/vol) horse serum (heat-inactivated), and 2.5% (vol/vol) EE.
For the first 24 hr, all cultures were grown in standard culture medium in order to permit all viable myogenic cells to attach firmly to the substratum. After 24 hr, the standard culture medium was removed and replaced with experimental media. The experimental media were: (i) 90% (vol/vol) Dulbecco's modified Eagle's medium and 10% (vol/vol) horse serum (standard culture medium without EE); (ii) 85% Dulbecco's modified Eagle's medium, 10% horse serum, and 5% EE absorbed with preimmune serum or with anti-sciatin serum (standard culture medium without sciatin); (iti) standard culture medium without sciatin supplemented with purified sciatin (25 ,og/ml); or (iv) standard culture medium without EE supplemented with purified sciatin (25 ,ug/ml). The fresh experimental media were replaced every 3 days.
Biochemical Techniques. NaDodSO4/polyacrylamide gel electrophoresis in thin-layer gels was performed according to a modification (17) of the method described by King and Laemmli (21) . Protein was determined by the method of Lowry et al. (22) , with bovine serum albumin as standard.
RESULTS
The specificity of anti-sciatin serum was demonstrated by double-immunodiffusion precipitin reactions. Anti-sciatin serum gave a single precipitin line upon double immunodiffusion when tested against purified sciatin (Fig. 1A) . As shown in Fig. IA , preimmune serum or anti-sciatin serum absorbed with purified sciatin showed no immunological reactivity.
The standard culture medium used in the present study consisted of Dulbecco's modified Eagle's medium, horse serum, and EE. To determine whether sciatin was present in the standard culture medium, each constituent of the medium was tested for its immunological reactivity against anti-sciatin serum. As shown in Fig. lB , double immunodiffusion demonstrated that only EE showed a single precipitin line, which di- minished as the sciatin present in EE was selectively absorbed with anti-sciatin serum.
The presence of sciatin in EE was further demonstrated by NaDodSO4 gel electrophoresis. When EE was separated into protein constituents by NaDodSO4 gel electrophoresis, the resulting gels showed the presence of a protein with a RF identical to that of sciatin purified from adult chicken sciatic nerves (17) (Fig. 2) . Furthermore, the protein precipitated from EE by anti-sciatin serum also migrated in a position identical to that of sciatin (Fig. 2) . Fig. 3 standard culture medium and in experimental media. The morphological development of muscle cultures grown in standard culture mediu is similar to that described previously (23) . One day after plating all viable myogenic cells had firmly attached to the substratum and were apparent as typical spindle-shaped myoblasts. After 2-3 days in culture, the myoblast population increased as a result of active cell division, and at the same time myoblasts began fusing into multinucleated myotubes. [7] [8] [9] [10] days, muscle cultures showed matured myotubes (Fig. 3A) .
Muscle cultures grown in the absence of EE showed no myotube formation and consisted of mononucleated myoblasts (Fig. 3B) . By contrast, cultures grown in medium in which EE had been absorbed with preimmune serum exhibited matured myotubes (Fig. 3C) . However, when muscle cultures were grown in medium in which EE had been absorbed with antisciatin serum, no myogenesis occurred (Fig. 3D) . Tbe inhibition of myogenesis observed in cultures grown in the medium in which EE had been absorbed with anti-sciatin serum could be due to the absence of sciatin in the medium. To test this possibility, muscle cultures were grown in medium in which EE had been absorbed with anti-sciatin serum supplemented with purified sciatin (25 Ag/ml). As shown in Fig. 3E , the cultures showed matured myotubes with no morphological aberrations, indicating that sciatin is required for myogenesis. In fact, as shown in Fig. 3F , when purified sciatin (25 ,ig/ml) was substituted for EE, normal myogenesis occurred.
DISCUSSION
Myogenesis of muscle cells in vitro requires the addition of nutritional supplements to a chemically defined medium. For example, EE is a well-known supplemental requirement of cell culture medium. De la Haba and Amundsen (24) reported the presence of two factors in EE, a factor that promotes the fusion of myoblasts and a factor that promotes the development of myotubes. Slater (25) also demonstrated the growth-promoting activity of EE in muscle cultures. Jabaily and Singer (7) found that embryonic brain and liver extracts are most effective in promoting proliferation of myogenic cells in vitro. They also found the presence of two proteins in these extracts, one of high molecular weight and one of low molecular weight, both of which must be present to produce full mitogenic activity. Oh (12) suggested that the active component of EE that stimulates myogenesis might be neural in origin because a high molecular weight protein obtained from embryonic brain and spinal cord also stimulated muscle development in vitro. In the present study, we demonstrated that sciatin, a trophic protein purified from adult chicken sciatic nerves (17) , is present in EE and is required for myogenesis in vitro. Furthermore, immunocytochemical studies at the light microscopic level by the peroxidase-antiperoxidase technique have revealed that sciatin is localized in sciatic nerve axons and spinal cord neurons of adult chickens but not in such non-nervous tissues as liver and muscle.t Thus, our results would suggest that, for avian myogenic cells at least, myogenesis in vitro is under neural influence.
Numerous studies of muscle development in vitro have suggested that the early stages of myogenesis are independent of neural influence. In tissue culture, myogenic cells dissociated from developing muscle can differentiate to form multinucleated myotubes in the absence of innervation (for reviews, see refs. [26] [27] [28] [29] . Such myogenesis in vitro involves essentially the same morphological, physiological, and biochemical changes known to occur in developing muscle in vivo. Also, experiments on developing muscle in situ suggested that the initial differentiation of myogenic cells is independent of neural influence (30) (31) (32) (33) . Although myogenic cells can develop into cross-striated myotubes in the absence of innervation, they subsequently undergo atrophy and degeneration. In denervated embryonic muscle, there are relatively few myotubes but many unfused myoblasts. Further differentiation of myotubes and maintenance of muscle fibers require innervation in vito as well as in vitro (34) .
In contrast to the observations described above, several studies (35) (36) (37) (38) (39) have indicated that nerve tissue exerts a "trophic" influence on the initial differentiation of myogenic cells. In chorioallantoic grafting experiments, Avery et al. (35) found that spinal cord tissue exerts a profound influence on the initial differentiation of myogenic cells. The presence of spinal cord also accelerates the growth and differentiation of myogenic cells in culture (36) . In a study of muscle grafts, Eastlick (37) also observed that innervation influences the proliferation of myogenic cells. Bonner (38) found that clonable myoblast popu- 
